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ABSTRACT 
Alloys of Group IV elements have been extensively studied for new materials. Germanium, 
possessing a near direct optical gap and high carrier mobility, is of particular importance for 
photovoltaic and microelectronic applications. However, its acceptance in the photovoltaic and 
microelectronic applications has been largely hindered by a small bandgap and lattice mismatch 
with silicon. Incorporation of carbon into the germanium lattice, which possesses a larger 
bandgap and smaller lattice parameter, offers a solution to each of these problems. Despite the 
extremely low solubility of C in Ge, preparation of germanium-carbon thin films has been met 
with limited success using non-equilibrium vacuum deposition techniques that exploit the fact 
that surface solubility is orders of magnitude the solubility in the bulk. The work presented here 
utilized pulsed laser deposition, an unexplored deposition technique for germanium and 
germanium-carbon thin films, to grow amorphous and microcrystalline films under various 
deposition conditions. The basic material, optical, and electrical properties of the film were 
analyzed. Film characterization was performed with scanning electron microscopy, transmission 
electron microscopy, x-ray diffraction, Raman spectroscopy, x-ray photoelectron spectroscopy, 
UV/VIS spectroscopy, and four point probe conductivity measurements. The effects of 
deposition conditions on the film properties are discussed. 
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CHAPTER 1: INTRODUCTION 
1.1 Research Motivation 
1.1.1 Group IV alloys 
The desire to develop electronic and optoelectronic materials directly compatible with 
current microelectronic device technology has resulted in large amounts of research in alloys of 
group IV elements for heterostructure applications, a significant portion of which has been 
focused on Ge-containing materials. 
Integration of Ge in microelectronics has long been sought due to its increased electron and 
hole mobilities compared to that of Si. However, Ge has seen limited use due to its lattice 
mismatch with Si, resulting in the inability to deposit strain-free layers necessary for integration 
in current Si processing technology. Although the induced strain from lattice mismatch between 
the novel materials and Si substrate can be effectively relieved through the formation of misfit 
dislocations, the result is significant decrease in device performance. Another challenge facing 
Ge is a small thermal bandgap (Eg= 0.66 eV}, makes Ge susceptible to thermal noise. Integration 
of Ge in photovoltaics has been met with similar challenges, largely due to an indirect band. 
structure resulting in an inefficient light absorber. However, Ge-containing layers have displayed 
increased absorption (due to large absorption coefficient compared to Si), resulting in thinner 
layers and increased efficiency. 
Therefore, integration application of Ge-containing materials with current Si technologies 
will require 1) reduced lattice parameter and 2) increased band gap. Through the simplified 
application of Vegard's Law,' which directly relates the properties of a binary solution with its 
composition, this appears to be possible by a}loying Ge with an element with 1) a smaller lattice 
parameter and 2) a larger band gap. One such element is carbon with a lattice parameter 
a~ 3.5668 ~ and bandgap in its diamond cubic form of 5.46 eV. 
1.1.2 GexC1-x alloys 
Carbon containing group IV alloys are of scientific interest due to the potential they offer for 
band-gap and strain-state engineering. Specifically, Ge1 _xC~ is an attractive system for 
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photovoltaicloptoelectronic and electronic applications due to a possible direct optical band 
gap,2'3 lattice matching of Si, and a tuneable bandgap. 
At first glance, the similarities in chemical properties of Si and Ge indicates that 
substitutional carbon would be expected to exist in Ge as in the SiC system.4'S Also, the 
dissociation energy of the Ge-C bond is high,6 -~-4.7 eV, compared to the ~2.8 eV required to 
break a Ge-Ge bond. However, the Ge-C bond length in molecular compounds (CH3GeH3) is 
~1.9 .~, much shorter than the 2.41 ~ Ge-Ge bond, resulting is a low equilibrium solubility of C 
in Ge at 108 cm-3.g This low solubility requires the use ofnon-equilibrium deposition techniques 
to exploit the fact that surface solubilities are orders magnitude greater than that in the bulk.9 The 
use of such deposition methods result in C enriched surface Layers and increased C throughout. 
However, another challenge facing the Gel _xCY system is the ability of C to enter the Ge 
network with different hybridizations (e.g., sp2 or spa bonding). This results in C occupying 
interstitial sites or segregating into carbon-rich amorphous and/or graphitic phases and begs for 
the use of low deposition temperatures to inhibit phase separation. Therefore, the coupling of a 
nonequilibrum deposition technique with low deposition temperature is necessary to maximize C 
incorporation in the Ge network. one such deposition technique that satisfies these constraints is 
pulsed laser deposition (PLD). 
1.1.3 Advantages of pulsed user deposition 
Although other deposition techniques have been investigated, there has been no published 
work using pulsed-laser deposition (PLD) for fabrication of Gei _xCx alloys. The main advantages 
of PLD include a large deviation from equilibrium and the ability to produce crystalline material 
at relatively low. temperatures. 
Using PLD, a pulsed laser ablates a material, resulting in the formation of short, energetic 
fluxes of ionized and neutral species (plasma). These energetic species can have kinetic energies 
of 1-1000 ev, several orders of magnitude higher than MBE. Due to the high flux of energetic 
particles, growth rates of 100 A,/s, or instantaneous growth rates as high as 10,000 ~/s, are 
possible. ~ ° These growth rates are ten times that observed in MBE, where it has been shown that 
carbon incorporation increases with growth rate.l 1,t2 
Lastly, due to the pulsed nature of the deposition process, PLD at low temperatures results in 
unique kinetic processes with minimal surface reorganization of the atoms impinging on the 
substrate. Although low surface mobility can adversely affect the quality of the film, it may 
provide the kinetically restrained conditions necessary for the realization of germanium-carbon 
Elms. 
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CHAPTER 2: LITERATURE REVIEW 
The following section provides a comprehensive literature review that outlines previous 
research relating to amorphous germanium-carbon films (a-Ge~_XCx) as well as microcrystalline 
germanium-carbon films (Gee _XC~). This section will outline deposition techniques and 
characterization methods that were employed, as well as experimental results that were obtained. 
This review is not all encompassi~lg. Only relevant and representative studies are included that 
represent published papers in major journals to date. 
2.1 Amorphous Germanium-Carbon 
Amorphous germanium-carbon (a-Gel _XCx) as well as hydrogenated amorphous germanium-
carbon (a-Ge~_xCx:H) films with carbon levels of 0-100% have been realized with various 
deposition techniques. The following section summarizes the results from based on deposition 
technique. 
2.1.1 Chemical vapor deposi#ion (CVD} 
Anderson and Spear13 performed the pioneering work on a-Gel _xCx:H films with 
decomposition mixtures of ethylene and germane. The f lms were deposited on glass substrates 
at deposition temperatures of 420, 425, 500, and 560 K. They performed electrical and optical 
measurements and found the films to be semiconducting with optical bandgaps near 1.5 eV. The 
amount of hydrogen in the sample was not addressed but was likely high due to the low 
deposition temperatures. 
white14 and co-workers prepared a-Gel _xCY:H films with carbon contents x<0.8. The films 
were deposited on NaCI substrates at room temperature with the decomposition of germane and 
methane. Electron diffraction studies indicated that germanium and carbon did not form a 
tetrahedrally bonded network but rather, the films were shown to consist of molecular fragments 
with low stability. These fragments were shown to contain only a limited number of tetrahedra 
with Ge and C atoms chemically bonded. The authors did not address the hydrogen that was 
likely to incorporated in the film as it is well known that highly hydrogenated films (> 30 at. %) 
typically result in polymeric films with low stability. 
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Kazimierski et al. prepared a-Ge1 _xCx:H using plasma-enhanced chemical vapor deposition 
(PECVD). ~ s Detailed analysis with Raman spectroscopy indicated that films best described as 
insulating were characterized with a majority of Ge atoms being molecularly dispersed. 
However, the semiconducting f lms were shown to have Ge atoms in nanoclusters. This suggests 
that molecular distribution of the Ge atoms significantly affects the electronic properties of the 
film. 
Benzi et al. prepared amorphous germanium-carbon films by radiolysis CVD from 
germane/ethyne~~ as well described the gas phase reactions and bonding of the films.17 Previous 
studies have shown that the composition of the products strongly depends on the nature of the 
hydrocarbon which is used as well as their molar ratio. Structural studies indicated that hydrogen 
atoms bonded preferably to carbon atoms. This is in agreement with results reported by others. l g-
20 
Tyczkowski et a1.21 prepared amorphous insulator hydrogenated germanium-carbon films 
and characterized their electronic band structure. Characterization of the films showed that aging 
had an effect on their electronic properties, suggesting that oxidation may reduce the density of 
localized states in the f lm as well as a decrease in surface states. 
2.'! .2 RF Sputtering 
Shinar et a1.20 prepared a-Gel _xCx:H films on single-crystal Si and glass substrates at room 
temperature with mixtures of Ar, H2, and propane. Most films had D/Ge ratio <0.15 as 
determined by Auger spectroscopy. The optical gaps for the amorphous films ranged from 0.85 
to 2.3 eV, with the highest value corresponding to pure hydrogenated carbon. Samples which 
contained a significant amount of carbon were found to have C-H bond concentration that was 
equal to or larger than the C concentration. This suggests a Large number of the C atoms are 
bonded to two or three H atoms and is in agreement with results from similar studies. Annealing 
experiments indicated that Ge-C segregation occurred at temperatures above 100 °C and was 
enhanced above 300 °C. Hydrogen evolution studies indicated that all hydrogen bonded Ge and 
most of that bonded to C evolve out of the sample near 400 °C. The results from the evolution 
experiments are in agreement with those reported by others. ~ 9 
Santo et a1.22 prepared a-Ge j _xCx:H f lms with. carbon contents x < 0.7. The films were 
deposited on single-crystal Si and glass substrates at room temperature in a methane argon gas 
mixture. Characterization was focused the structural, optical, and electrical properties of the 
films. IR spectroscopy showed a Ge-C stretching band at 580 cm"~, C-H wagging band near 1000 
cm-', Ge-H wagging-bending band near 560 cm-', and a small Ge-CHn wagging mode near 760 
-~ cm . 
Vilcarromero performed a series of experiments which summarized the deposition of a-Gee_ 
xCr:H films as well as their characterization. The film characterization focused on hydrogen 
incorporation,19 optoelectronic and structural properties,23 bonding,' s,24 and thermomechanical 
properties.25 The measured hydrogen content for samples prepared in all range of carbon content 
0<x<1 was found to be less than 25 at.%. Hydrogen evolution experiments were performed to 
analyze the stability of hydrogen in the film. A lack of evolution bands below 300 °C indicates 
.that the concentration of molecular hydrogen and weakly bonded. hydrogen is low, indicating that 
the hydrogen is strongly bonded to C and/or Ge. Structural characterization with XRD indicated 
no crystalline phase for all carbon concentrations. Carbon was found to enter the germanium 
network with different hybridizations depending on the carbon concentration. In the carbon 
content range 0<x<0.2, C was found to be bonded to Ge and H in spa hybridization. The amount 
of sp2 bonded C was shown to increase in samples with carbon contents x>0.2. ~ This was 
supported with Raman data, which displayed a C-C related doublet in the 1200-1700 cm-1 range 
and is indicative of the formation of a C-rich phase. The bonding properties were systematically 
studied with x-ray photoelectron spectroscopy (XPS). Carbon incorporation was investigated 
through analysis of the Cis and Ge3d energy levels. A C-related chemical shift of the binding 
energy Ge 3d core electrons towards higher energies was observed. Additionally, the CIS peak 
displayed a doublet which was attributed to the C-Ge and C-C bonds. Ge-C bonding was 
identified with a peak centered around 283 eV and C-C bonding with a peak at 284.5 eV. 
Deconvolution of the CAS peak was used to calculate the relative concentrations of C-Ge, C-C, 
and C-H bonds. 
Kumeda et a1.26 prepared a-Gel _xCX:H films on glass substrates resulting in amorphous films 
for all deposition temperatures Ts <200 °C. Structural characterization with ESR determined that 
the number of Ge dangling bonds per Ge atom is much greater than the number of C dangling 
bonds per C atom. This suggests that hydrogen incorporated into the film prefers to bond with C 
and does not passivate Ge bonds. Structural studies with have shown that the number of Ge 
dangling bonds per Ge atom increases by increasing the C content in the hydrogenated 
amorphous germanium-carbon films (a-Ge~_xCT:H). Raman spectroscopy displayed a peak near 
270 cm-1 attributed to the amorphous Ge-Ge transverse optical (TO) vibration mode whose full-
width half-maximum (FWHM) increased with C content. There was no carbon-related Raman 
peaks in the range of 1200-1700 cm t for C content x<0.5 which is indicative of C-C bonding. 
2.2 Microcrystafline Germanium-Carbon 
2.2.1 Chemical vapor deposition (CVD~ 
Herrold and Da1a127 used plasma-enhanced CVC (PECVD) to grow Gel _xCx films at 
deposition temperatures 350<TS<450 °C on a variety of substrates. Substitutional C content x, 
determined with XPS, of up to 2% was obtained. XRD results indicated a bulk lattice parameter 
that contracted with C incorporation, approximately obeying Vegard's Law. Substrate type was 
found to affect the resulting grain size, with conducting substrates yielding the largest grains. It 
should be noted, that Raman spectroscopy did not yield a Ge-C vibrational mode. This may have 
been due to the wavelength of the laser being on the order of film thickness. 
2.23 Molecular beam epitaxy (MBE) 
Krishnamurthy et al reported on the characterization28°Zg and microstructural 
development30of epitaxial Gel _xCx alloys on (100)Si by low temperature (200 °C) MBE. 
Rutherford backscattering spectroscopy (RBS) was used to measure total C concentration x, 
while XRD was used to estimate the amount of substitutional C x~ at less than 1 %. Annealing 
experiments performed from 350-600 °C resulted in phase separation with C precipitating into 
amorphous form. 
~Veber31 et al reported on the Ge-C local mode in epitaxial Gel _xCx (0<x<0.07) f lms 
deposited at 200 °C on (1.00)Ge. Raman spectroscopy, using 633 nm excitation, revealed the 
local Ge-C mode for substitutional C as a narrow peak (8 cm-1 full width at half maximum) near 
530 cm-l. Abroad peak near 1400 cm~ l was attributed to amorphous C (a-C), while weak, sharp 
lines were observed near 950 and 1.050 cm-i and attributed to specific C or Gel _xCx clusters. 
Duschl32 et al prepared pseudomorphic Gel _xCx films on (100)Ge with solid source 
molecular beam epitaxy (MBE). Films prepared at 200 °C were found to have a carbon content 
x<0.8%. Post-growth annealing experiments were performed which indicated thermal stability of 
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substitutional C up to 450 °C. Higher temperatures result in the loss of substitutional C with an 
activation energy of 2.6 eV. 
D'Arcy-Gail and co-workers have published an impressive set of papers and are summarized 
in the following paragraphs. Their first,33 summarized the results of epitaxial metastable alloys 
of Ge1 _xC,~ (x<0.035) grown on (100)Ge at deposition temperatures Ts=200-550 °C. Total carbon 
content x was determined through XRD. Films grown at TS<350 °C were in compression due to 
C residing in Interstitial sites. Films prepared at higher temperatures were nearly strain free with 
C residing in extended defects. Annealing the films at TQ=450 and 550 °C resulted in increased 
compressive strain. Further annealing at TQ = 650 °C resulted in the formation of dislocation 
loops which acted as sinks for interstitial and substitutional C atoms, relieving macroscopic 
strain. It was found that compressive strain associated with interstitial C atoms must be 
accounted for when determining the total incorporated C from diffraction analyses. 
In a subsequent paper,34 D'Arcy-Gall and co-workers investigated the quantitative C lattice 
site distributions. Lattice configurations involving two and three C atoms (such as a Ge-C split 
interstitial) were found to be significantly more stable than the substitutional C configuration, 
with the formation energy per C atom decreasing with the number of C atoms. This indicates that 
C in Ge has a strong tendency to form nanoclusters, which is consistent with density functional 
calculations showing that C nanoclusters are signifcantly more stable than either substitutional C 
or Ge-C split interstitials.35
2.3 Research Problem Statement 
With the possibilities offered through the realization of germanium-carbon films, an 
unexplored deposition technique such as PLD was pursued. The following study summarizes the 
results obtained from a series of experiments formulated to prepare and characterize germanium 
and germanium-carbon thin .films. The first stage of the study was to explore the deposition 
conditions necessary to obtain crystalline material. This involved preparation of samples at 
various temperatures as well as characterization of those samples. The second stage was to 
prepare germanium-carbon films, with the object of maximum carbon incorporation and 
characterization of those films based on deposition parameters and carbon content. 
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DHAPTER 3: MATERIAL PROPERTIES AND DEP4SITI~N METHOD 
3.1 Material Properties 
3.1.1 Structural properties 
when analyzing any binary compound, the properties as a function of solute content are of 
particular importance. Table 3-1 summarizes physical, electrical, and optical properties for the 
diamond cubic form of Ge, Si, and C. Each of these elements are group IV semiconductors of 
interest in this study. 
The group IV elements C, Si, and Ge are all semiconductors when they are tetrahedrally 
bonded in the diamond lattice structure. As displayed in Table 3-1, Ge is thermodynamically 
stable in its crystalline form with a diamond cubic structure and a lattice parameter aG~=5.6575 
,~.' Meanwhile, C with the same crystal structure has a lattice parameter a~-3.5668 ~. 
Therefore, random substitutional incorporation of C should result in a reduced Ge lattice 
parameter aGe. A simple calculation with Vegard's law, which linearly relates the properties of a 
binary compound. to its composition, indicates that ~I 1 at.%Cis necessary to lattice match Ge to 
Si (as;=5.4307 ~). This is of particular importance because the widespread use of Ge-containing 
alloys in industry is largely hindered by its lattice mismatch with Si. 
Table 3-1 Structural, electrical, and optical properties for moderately doped Ge, Si, and C 
in diamond cubic form. 
Material a (t~) ~~h (cmzN-s) ,ue (cm2/V-s) p (SZ-cm) Eg (eV) 
Ge 5.65 76 < 1900 < 3 900 46 0.66 
Si 5.4307 < 450 < 1400 3.2 x 105 1.1.2 
C 3.5668 < 1800 < 2200 > 1042 5.46 
3.'1.2 Electronic properties 
It is common practice to characterize a semiconductor electrically by its carrier mobility ,cc. 
The carrier mobility describes how a charge carrier accelerates under a given electric field and is 
an integral part of device characterization. For Ge, the electron and hole mobilities can be as 
high as 3900 and 1900 cm2/V-s, respectively, for moderate doping levels, compared to 1400 and 
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450 cm2/V-s for silicon (Si) (Table 3-1). This increase in carrier mobilities is very desirable for 
high-speed switches in microelectronics and increased quantum efficiency for photovoltaic 
applications, which is directly proportional to the carrier mobility,u. 
3.1.3 Optical properties 
The band structures for common crystallographic orientations for Ge and Si are displayed in 
Figure 3-1. The band structure of ~e shows a near direct band gap with the central T valley in 
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Figure 3-1: Band structure diagrams fora) Ge and b) Si at 300 K. Note the slight 
difference between the direct-gap transition Erg and the indirect-gap transition Eg ( (1.14 
eV). 
The result is a significant increase in optical absorption at 0.80 eV, 0.1.4 eV above its thermal 
gap of 0.66 eV.2~3 This low thermal band gap can be increased through the incorporation of C. It 
is also worth noting for x>~8%, a direct band gap could result with Erl increasing at a slower rate 
than Eg. In contrast, for Si, also an indirect band gap semiconductor, the direct transition Er is 
more than 2 eV larger than the thermal band gap Eg. 
3.2 Pulsed Laser Deposition (PLD) 
Pulsed laser deposition, which will be abbreviated as PLD hereafter, is a simple and versatile 
vacuum deposition technique and was used to prepare all samples in this work. PLD can be 
described as a three-step process consisting of 1) vaporization of a target material 2) transport of 
the vapor plume and 3) film growth on a substrate. In the most basic sense, PLD utilizes a high 
energy pulsed laser to vaporize (or ablate) a target creating plume of energetic species which 
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travels away from the target and condenses on a nearby substrate. This plume can be modif ed 
and/or supplemented by the presence of a background gas, which in this study will be a carbon-
containing gas such as methane. The following will provide an overview of the PLD system 
utilized in this study as well as insight into the growth model of f lms prepared with PLD. 
3.2.1 Growth model 
The production of thin films with PLD occurs through the creation and subsequent 
condensation of various energetic species on a substrate. These energetic species may contain 
atoms, molecules, electrons, ions, clusters, micron-sized particulates, and molten globules. ~ ° The 
presence and amount of each is dependent upon the primary sputtering mechanisms involved. 
(collisional, thermal, electronic, and exfoliation). In this explanation and in the experiments to 
follow, particulates and molten globules will be considered inherent artifacts of the PLD process 
and will be largely ignored. 
By accounting for specific PLD kinetic effects, general theory of f lm nucleation and growth 
can be applied to PLD. A brief description of the mechanisms will be summarized here, but a 
more detailed analysis is beyond the scope of this paper and can be found in the literature.10 Film 
growth in PLD is generally characterized by an initial stage of two-dimensional nucleation and 
monolayer growth, followed by three-dimensional nucleation and island growth. 
Unlike other vacuum deposition techniques, f.ilm growth in PLD is not continuous over time, 
but is characterized by short periods of growth that are followed by longer periods in which no 
growth occurs. The period of growth is determined by the pulse width (generally <50 ns) and can 
be described as the period in which energetic target species are arriving the substrate surface. 
The period of no growth is determined by the pulse rate (or rep rate), or the period between the 
arrival of energetic species. Therefore, film growth kinetics are largely affected by each of these 
parameters. If the time between the arrival of energetic species (rep rate) is comparable to the 
time necessary for atomic processes to complete (desorption, diffusion, nucleation, etc.), a 
stoichiometric and stable material results. However, if energetic species are arriving before 
atomic processes have completed the formation of a metastable compound is possible. 
Film deposition with PLD can be characterized by four distinct regimes:36
1. Interaction of the laser beam with the target resulting in ablation of surface layers 
2. Interaction of the ablated materials with the incident laser beam resulting in 
isothermal plasma formation and expansion 
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3. Anisotropic adiabatic expansion of the plasma in the direction of the substrate 
(normal to the target) 
4. Interaction of the plasma with the background gas 
Carbon incorporation 
Of specific importance in this experiment is C incorporation into the Ge network. C will be 
provided in the form of a background gas, such as methane (CH4) in this study. The laser, as well 
as energetic target species, will dissociate the CH4 molecules. These reactive species impinging 





Figure 3-2: Physical absorption on film surface. 
The mechanism of physical absorption is illustrated schematically in Figure 3-2. During this 
process, the impinging species transfers its energy through releasing heat and surface ~ diffusion. 
Substrate temperature plays a signif cant role on the diffusion of absorbed species. The diffusion 
species on the sample surface may then seek or form a nucleation point. Clusters of absorbed. 
atoms or defects, such as contaminants, on the sample surface can serve as nucleation points. 
C incorporation into the f Ims can explained as follows: C atoms or C-containing species will 
accumulate on the surface and diffuse until lost by reevaporation, consumed in formation of a 
critical-size nucleus, captured by an existing cluster, or trapped at a special site. Therefore, the 
primary mode of C incorporation will depend upon surface mobility 2) nucleation centers, 
particularly defects and 3) the C-C adatom encounter probability. Experimentally, these modes 
are dependent upon; l) the deposition temperature and average kinetic energy of deposited 
species; 2) substrate and film quality; and 3) carbon concentration at the surface. 
From the above, we can. expect C atoms to be Incorporated into the Ge network in one or 
more of three sites in the Ge network; substitutional, interstitial, and extended defects. 
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Additionally, C can be incorporated into the film, but not the crystalline Ge network, through 
phase separation and the formation of a C-rich phase. 
3.2.2 F'LD system 
A typical PLD systems consist of the following elements: vacuum chamber, Laser, optics, 
target manipulation, substrate holder/heater, pump, gas flow, and vacuum gauging. 
One of the most crucial components in a PLD system is the vacuum chamber. This 
experiment used aturbo-pumped commercial Neocera PLD system with an 18-.inch diameter 
spherical vacuum chamber. Atop-down view of the vacuum chamber is shown in Figure 3-3. 
For clarification, components such as gas inlets, pumping ports, pressure gauging, and view ports 
are not shown in the schematic. Three important dimensions are noted in Figure 3-3 and 
correspond to the.focal length of 100 cm for the focusing lens, an angle of 45° between the target 
normal (plume direction) and the Laser beam, and a distance of 7.5 cm between the target and 
substrate. While each of these has an effect on the resultant deposited film, all remained constant 
at the stated values throughout the experiment. 
Ablation of the target occurs with the use of a pulsed laser source. Excimer lasers are 
typically found in PLD systems because they emit radiation directly in the UV range and can 
achieve pulse rates up to several hundred hertz with energies near 500 mJ/pulse. This experiment 
used a Lambda Physik COMPex 20~ excimer laser. As shown in Figure 3-3, the laser beam was 
manipulated with a beam limiting aperture and focused with a lens to a rectangular spot on the 
rotating target. For target manipulation, this system used a sample rotator. This minimizes the 



















Figure 3-3: Top-down schematic diagram of the PLD ~~acuum chamber indicating the 
entrance of the excimer laser, target and substrate plane. 
3.2.3 Deposition parameters 
Process parameters that affect film growth in PLD include substrate temperature TS, 
background gas pressure P, energy density, and repetition rate. Other parameters such as target-
substrate distance and focal length are generally held constant for a particular experiment. 
Theoretical and experimental investigations of the PLD process have shown that it is possible to 
establish a direct relation between experimental conditions (plasma flux density, particle energy, 
substrate temperature) and some film properties (thickness, structure, stoichiometry). However, 
these experimental conditions are generally unique to the materials being deposited. 
One deposition parameter of particular importance is the substrate temperature. As a general 
rule, the crystal quality increases and the film ti~ickness decreases with increasing substrate 
temperature. As the substrate temperature is increased, the surface mobility of the depositing 
species increases. This increased surface mobility allows more time for the atoms to find a 
lowest energy state. However, simultaneously, as the temperature is increased, depositing species 
are lost through desorption. 
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Laser parameters, such as pulse width and repetition rate play significant roles in the kinetics 
of film growth and nucleation, as discussed previously. The pulse width of the laser determines 
the instantaneous deposition rate while the repetition rate of the laser determines the time 
between the arrival of depositing species. The energy density of the laser determines the plasma 
flux density and particle energy. This can be described as a physical interaction between the laser 
and the target, a higher energy density results in more energetic species ejected from the target. 
Ambient parameters, such as base pressure and the presence of a background gas affect 
deposition rate and the energy distribution of depositing species. As the pressure increases, or ~in 
the presence of. a background gas, the interactions of depositing species increase. That is, the 
mean free path between collisions decreases. This has the effect of lowering the deposition rate 
as well as decreasing the kinetic energy of the depositing species. 
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CHAPTER 4: SAMPLE PREPARATION AND CHARACTERIZATION 
TECHNIQUES 
4.1 Sample Preparation 
The following section will provide a detailed overview of the experimental procedures for the 
results presented in this study. Specific deposition parameters, such as energy density, background gas 
pressure, and substrate temperature will be addressed ~in a subsequent section for each particular 
experiment. Ail sample details and deposition conditions are summarized in Table 6-1 located in the 
APPENDIx. 
4.1.1 Target preparation 
Undoped crystalline germanium (100)Ge wafers were used as the source of Ge during laser 
ablation. The Ge wafer was removed from the clean-room packaging in which it was shipped 
and was then rinsed in deionized water and dried with NZ to remove any particles that may have 
been added after removal from the packaging. The wafer was then secured to the target holder 
with silver paste that was cured at 200 °C for 30 minutes. Prior to film deposition, the target was 
pre-ablated with the excimer laser for approximately two minutes to remove any other 
contaminants on the target surface. 
4.1.2 Substrate preparation 
Two types of substrates, fused quartz and crystalline Si, were utilized as substrates in this 
study. Each substrate was approximately one-inch square in size. Prior to insertion in the 
deposition chamber, the fused substrates were removed from their packaging and cleaned in a 
~7% solution of ammonium bifluoride for f ve minutes. To avoid water spots, the substrates 
were rinsed in deionized water and dried with N2. 
The crystalline silicon (l00)Si substrates had 700 A of thermal oxide to provide a glassy 
surface for depositions. Prior to insertion into the deposition chamber, the substrates were 
cleaned with a modified RCA clean. Because the HF dip would etch the thet-mal oxide, this step 
was not performed on the Si wafers. The oxide thickness was measured optically after cleaning. 
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The wafers were then scribed and cleaved into one-inch squares, cleaned with N2 and placed into 
the PLD chamber. 
4.2 Characterization Techniques 
The metastable nature of Gee _xCx, along with the ability of C to enter the network in 
numerous configurations, requires involved characterization. Characterization will be focused on 
structural and chemical analysis, to determine the effect of deposition parameters films properties 
such as conductivity, microstructure, and carbon incorporation. Provided in the following section 
is the characterization techniques which were employed. in this study. A brief description of each 
will be provided along the application and experimental details. 
4.2.1 X-ray diffraction (XRD) 
Background 
X-ray diffraction can be used to determine various structural properties such as crystal 
structure, atom positions, and ultimately the lattice parameter a. In its most basic sense, XRD 
utilizes a monochromatic (ideally) beam of x-rays directed towards a specimen and from the 
diffraction effects of reflected x-rays the crystal structure can be analyzed. 
Diffraction occurs when a wave encounters periodic array of objects that are capable of 
scattering and have spacing comparable in magnitude to the wavelength. Constructive 
interference will occur when the angle of incidence 8 is such that the path difference between 
reflected waves from two successive lattice planes is an integer multiple of the wavelength. 
Mathematically, constructive interference is given by Bragg's Law and is shown schematically in 
Figure 4-l. 
Bragg's Law can be represented mathematically with the following expression, 
n~. = 2d sin B t4:~~ 
where d is the interplanar distance between reflecting lattice planes, 8 is the angle of incidence of 
the x-rays, and ~, is the wavelength of the x-rays. From the above expression, precise 
measurement of 8 allows for calculation of d. Assuming a cubic crystal structure, the 
thermodynamically stable form of crystalline Ge, the lattice parameter a can be determined from 
the following relationship, 
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Figure 4-1: Schematic representation of an incident beam at Bragg angle 28 with 
wavelength ~, being diffracted by a periodic crystal of lattice spacing di,kt. 
Preferred growth planes can be identified by comparing the relative intensities of the Bragg 
peaks obtained experimentally with those for the same phase in the corresponding Powder 
Diffraction File. Any strain present in the film will manifest itself in peak broadening and can be 
identified through analysis of the FWHM. 
Application 
This study utilized XRD for determining the presence of a crystalline phase. XRD was used 
for analysis of the bulk structural properties of the films which include the presence of a 
crystalline phase, lattice parameter ao calculation, and preferred growth. Calculated values of the 
lattice parameter ao tend to increase with B, approaching the true value ao at high angles. That is, 
a is calculated for each Bragg peak and approaches the true values at high angles. Therefore, ao 
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can be obtained by plotting the calculated values of a versus cost 8. A linear least-squares fit to 
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Figure 4-2: Example calculation of Ge lattice parameter ao corresponding to the y-intercept 
of the liner least-squares fit. 
The experimental setup consisted of a Siemens diffi•actometer employing monochromatic 
Cu-Ka radiation and sample rotation. Scans were obtained using Bragg-Brentano geometry, with 
the detector and x-ray source coupled, each moving through angles 28. Scans typically ranged 
from 28 (8 —angle of incidence) of 25o to SSo at a step rate of 0.020/sec was used. 28 offset was 
eliminated using the (200)Si peak of the substrate. When possible, crystallographic peaks were 
fitted using apseudo-Voight or Pearson VII function with a residual erl•or of fit ranging from 5 to 
9 %. Similarly, for films with sufficient data, the lattice parameter coo was calculated. It should 
be noted that the irradiated area on the sample with XRD is fairly large (cm2) and therefore the 
data collected from such experiments should be treated as such. 
4.2.2 Raman spectroscopy 
Background 
Raman spectroscopy is a nondestructive method that can be used to probe the local bonding 
of atoms in a sample. Raman spectroscopy analyzes scattered radiation by a sample from a laser. 
Scattering can be explained as the absorption of radiation at a pahticular frequency and the 
emission at a different frequency. The origin of scattered frequencies lies in the energy transfer 
between the scattering system and the incident radiation.37 Stokes scattering occurs when energy 
from the incident radiation puts the system in an excited state, resulting in scattered radiation at a 
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lower frequency than the incident radiation. Conversely, anti-Stokes (or Raman) scattering 
requires the annihilation of an incident photon and the creation of a photon simultaneously, 
resulting in scattered radiation of higher frequencies than the incident radiation. Stokes and anti-
Stokes scattering can be written mathematically as, 
~1 V ~_ ~Z V im ± ~Z V e (4-3) 
where the subscript s, o, and e refer to the scattered, incident, and excited. radiation 
frequencies. The quantity -hUe, Stokes scattering, represents the energy subtracted from the 
scattered radiation. The quantity +hve, anti-Stokes scattering, represents the energy added to the 
scattered radiation and is used in Raman spectroscopy. 
The scattering of radiation for a particular system will be most efficient at unique 
frequencies, resulting in a peak in the Raman spectrum and commonly called a local vibrational 
mode (LVM). Raman spectroscopy is an especially useful tool to study Ge structures. The 
Raman spectrum for a crystal sample is only composed of certain phonons near the zone center.38
Bulk unstrained Ge in its cubic crystalline form is represented by a single symmetric peak 
centered at 300.5 cm"~ with a full width at half-maximum (FWHM) of 2.7 cm"'.39 Analysis of 
peak widths and positions yields information about the crystallinity of the sample. Variations in 
bond length result in a distribution of frequencies in the Raman spectra. A narrow defined peak 
centered around 300 cm ~ can be attributed to crystalline Ge while a broad peak shifted to lower 
frequencies may indicate the presence of an amorphous Ge phase 40 When considering the 
Raman spectrum .for an amorphous material, all vibrational modes can contribute to the first-
order Raman scattering.41 An amorphous spectrum consists of four main peaks corresponding to 
the transverse optic (TO), longitudinal optic (LO), longitudinal acoustic (LA), and transverse 
acoustic (TA), which are positioned at approximately 275, 220, 160, and 80 cm-~.42 The 
spectrum of an amorphous material then can be considered a measure of the density of vibrational 
states, or a measure of the structural randomness. Analysis of the TO bands, mainly the position 
and FWHM, gives information about the degree of disorder in the films. 
Raman spectroscopy is also a useful method to distinguish and analyze carbon structures.15
Generally, the Raman spectra of amorphous hydrogenated carbon films 
(a-C:H) show two characteristic peaks. These peaks correspond to the G line (G for graphite) 
centered around 1580 cm- ~ and the D line (D for disordered) centered around 1350 cm-~,a3-a~ It is 
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widely accepted that the former line results from lattice vibrations in the plane of the graphite-
like ring and the latter from the disorder-allowed zone-edge mode of graphite clusters. 
Application 
Raman spectroscopy was used to analyze the crystallinity of the samples, probe the local 
order around C atoms, and identify C phase separation. The experiments were focused on the 
Ge-Ge local mode near 300 cm-t. Analysis of this peak, specifically the full width at half 
maximum (FWHM), was used to address the crystallinity of the sample. Also, the formation of a 
C-rich phase was investigated with scans in the 1200-1600 cm"~ range. The Raman spectra in 
this study were obtained at room temperature using a microscope-equipped Renishaw 
spectrometer that utilized an argon laser as the excitation source (~,=514.5 nm and power of 200 
mW). It should be noted that the excitation area of this system could be finely focused (µmz) and 
precisely placed using the microscope feature. 
4.2.3 Scanning electron microscopy (SEM) 
Background 
Scanning electron microscopy is a useful tool for both qualitative information, such as 
viewing the topography, and quantitative measurements, such as dimensional analysis, As with 
an optical microscope, the imaging medium (in this case, a beam of electrons) is manipulated 
through a column containing various optics and apertures resulting in awell-defined beam useful 
for imaging. Atypical SEM consists of an electron source (or gun), a series of electromagnetic 
lenses to focus the electron beam, scan coils to raster the beam, and a detector to collect the 
signal. Topographical information is most easily obtained through analysis of the low energy 
secondary electron signal from the sample. Secondary electrons result from the inelastic collision 
from e-beam electrons and those electrons in the specimen and originate near the surface of the 
sample. 
Application 
The SEM utilized was a commercial JEOL 840A instrument maintained by the lUlaterials 
Analysis Research Laboratory. Top-down images were obtained at various magnif cations to 
obtain information about the sample morphology. Chemical Analysis 
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4.2.4 Transmission electron spectroscopy STEM) 
Background 
Transmission electron microscopy (TEM) can be accurately described as the combination of 
an optical transmission microscope and an electron microscope. In a basic sense, TE1V~ utilizes 
high energy electrons to pass through a sample. Given the sample is of sufficiently thin, some 
electrons will pass through the sample undergoing elastic scattering. These elastically scattered 
electrons are detected and used to produce an image. 
Application 
TEM analysis was necessary to qualitatively analyze the microstructure of the films. The 
TEM utilized was a commercial JEOL instrument maintained by Ames Laboratory. Samples 
were prepared using the PLD system to deposit films directly onto a 400 mesh copper grid. The 
copper grid had a thin layer (5 nm) of carbon film to act as the substrate for deposition. 
Deposition times were shortened to 10 minutes to in sufficiently thing films, about 500 A, for 
TEM analysis. Micrographs were obtained at magnifications of SOOOOx and 100000x. 
4.2.5 X-ray photoelectron spectroscopy (XPS) 
Background 
X-ray photoelectron spectroscopy is destructive chemical surface analysis technique. BPS 
utilizes ahigh-energy, monochromatic (or nearly) beam of x-rays to impinge upon a sample. 
With sufficient energy, the incident x-rays liberate electrons, known as photoelectrons, from the 
material. The energy of these ejected electrons is measured to determine the binding energy. The 
difference between the energy of the incident beam and that of the photoelectron is known as the 
binding energy of the electron. Mathematically, the kinetic energy of a photoelectron process is 
given by, 
1~E = by — BE (4-4) 
where .~`E is the measured kinetic energy, by is the energy of the incident x-rays, and BE is the 
calculated binding energy of the photoelectron. 
Unique electronic environments result in unique bi-nding energies for electron. Therefore, 
their analysis can be used to determine the bonding preference of C, with electrons in the C-C 
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bond having different binding energies in the Ge-C bond. This effect is shown in the SiC 
system,4 where analysis of the carbon 1s (CIS) core level electron yields significant binding 
energy differences for substitutional C and C-rich phases. Additionally, it has been reported that 
binding energies of the CIS photoelectron in carbide materials range from 281 to 283 eV while 
those in C-rich phases are typically larger than 284 eV.48 Therefore, presence of a well defined 
peak near 283 eV is indicative of Ge-C bonding. 
In addition to qualitatively identifying Ge-C bonding, XPS data can also be used to for 
quantitative analyses. Using sensitivity factors provided by the XPS manufacturer for C and Ge, 
and assuming that the integrated peak intensity is proportional to atomic composition of the 
relevant atoms, ane can determine the composition of a particular element. However, when 
determining C contents, we must remember that C can enter the Ge network with different 
hybridizations. Therefore, C should be expected to be incorporated in not only substitutional 
sites, but interstitial sites and./or in precipitate form of C-rich phases. Due to the closeness of 
their banding energies, substitutional C cannot be distinguished from interstitial C with 
conventional XPS. However, substitutional and interstitial C can be distinguished from C 
nanoclusters through analysis of the chemical shift, or asymmetry, of. the CIS peak. 44
Application 
XPS was used to analyze the CIS and Ge3d peak for each sample. Total C content was 
determined from analysis of the CIS peak. For substitutional and interstitial C, the major species 
surrounding the C atom is Ge. However, with a C-rich phase, such as C precipitates, the major 
species surrounding the C atom is C. 
Multiplex spectra were obtained with a PHI 5500 spectrometer at an angle of 45° from the 
surface normal at binding energies ranging from 0 to 1100 eV with high resolution (0.25 
eV/step). Spectra were obtained before and after Ar+ ion etch. The ion etch was performed for 1-
2 minutes at 4 keV and 2.2 µA/0.01" at 45°. The analyzer pass energy was 58.0 eV, employing 
the monochromatic Al-Ka line at 350 W. Carbon quantification was performed using available 
sensitivity factors and measuring the integrated intensities of the Ge3d and CIS peaks, while the 
background was subtracted using Shirley's method. Depth profiling was performed on the 5 and 
10 mTorr PCH4 samples, showing uniform distribution of C through the thickness of the f lm. 
Additionally, a sample prepared at 0 mTorr CH4 showed less than 0.2 %C, indicating low a C 
background. 
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4,2.6 Four point probe 
Background 
Four point probe analysis Involves using four collinear probes in physical contact with the 
sample surface. A current is driven through the two outermost probes while the voltage drop 
across the two middle probes is measured. This setup allows the probes measuring the voltage to 
pass zero current, which eliminates the contact and spreading resistance experienced by the 
current carrying probes. The resistivity of the sample can given as, 
p = 27zsF 
~V~ 
tI~ (4-5) 
where s is the probe spacing, F is the geometric correction factor, V is the measured voltage, and 
I is the supplied current. 
Application 
Four point probe measurements were made to determine the resistivity of the samples. 
Measurements were performed using at five locations on the film at currents of 0.10, 0.25, 0.50, 
0.75, and 1.0 µA. 
4.2.7 UVNIS spectroscopy 
Background 
Ultraviolet/visual spectroscopy {UV/~t~IS) is commonly used to measure the absorption 
coefficient of a film. Through analysis of the absorption coefficient, important optical properties 
of the film, such as optical band gap, can be determined. This is done using a dual beam of 
monochromatic light generated by a spectrophotometer. one beam is used to probe the sample 
while the other is used for reference purposes. The beam is automatically scanned through a 
range of wavelengths (near infrared, visible, and ultraviolet) and the data is recorded on a PC. 
Plotting the absorption coefficient as a function of energy, an estimation of the bandgap can be 
determined. To define the optical gap, researchers commonly use the energy E04 approximation. 
This approximation defines the optical gap at the energy where the absorption coefficient is 104 
-1 50-52 cm . 
Application 
~~ 
The instrument used in this study was a commercial Perkin-Elmer dual beam 
spectrophotometer to collect the absorption data. Through analysis of the absorption data, the 
bandgap was approximated using the X04 method. 
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CHAPTER 5: RESULTS AND DISCUSSICjN 
The following section provides a detailed analysis of the results obtained for various 
experiments. The results presented and their discussion will detail the characterization of f Ims 
deposited with varying experimental parameters, such as, substrate temperature, energy density, 
and methane pressure. Film properties such as deposition rate, film morphology, microstructure, 
resistivity, and absorption edge will be addressed. All sample details and deposition conditions 
are summarized in Table 6-1 located in the Appendix. 
5,1 Ge films on fused quartz 
This experiment investigated the properties of Ge films grown on fused quartz substrates at 
temperatures TS 25, 150, 200, 250, 300, 350, and 400 °C with deposition times t of 30 and 60 
minutes. The laser was pulsed at 10 Hz and had a pulse width of less than 50 ns. All samples 
were prepared with a laser pulse energy of 100 mJ, which resulted in an energy density of ~ 1.4 
J/cm2. The films were analyzed; structurally with scanning electron microscopy (SEM}, x-ray 
diffraction (XRD) and Raman spectroscopy; optically with LJV-VIS spectroscopy, and electrically 
with four-point probe. SEM showed a smooth film surface decorated with particulates, while 
Raman results indicate a transition from amorphous to crystalline material at 200<TS<250 °C. 
XRD results indicate a single crystalline Ge phase over all deposition temperatures. Absorption 
measurements resulted in an estimation of the bandgap at 0.82 eV. The resistivity of the Ge films 
was shown to decrease with increasing temperature, displaying a significant decrease for the 
f lms deposited at Ts>_250 °C. 
5.1.1 Growth rate 
The first experiment conducted was an analysis of the growth rate. For material 
characterization purposes, film thicknesses near 2000 A were desired. Film thicknesses were 
measured with a Dektak 1 lA profilometer (f lOt~) and varied from 3192 A at 25 °C to 1864 A at 
400 °C, yielding a deposition rate of 1.04 to 1.78 t~/s or 0.104 to 0.178 t~/pulse at 10 Hz. This 
corresponds to an instantaneous growth rate of ~ 1 x 105 ~/s. These results were used to set 
future deposition times for sufficient film thicknesses at 30 minutes 
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5.1.2 Scanning electron microscopy 
Scanning electron microscopy was used to analyze the film morphology. Typical 
micrographs obtained at magnifications of SOOOXand 15000Xare shown in Figure 5-1 . As visible 
from the images, there are numerous particulates decorating the film surface. These particulates 
are pieces of the target which were ejected and deposited onto the substrate. The generation of 
these par-ticulates is inherent to the PLD process and is closely related to the processing 
parameters such as energy density, ambient gas pressure, target to substrate distance as well as 




Figure _5-1: SEM micrographs obtained at a) SOOOX and b) 15000X showing particulates on 
film surface from deposition. 
As visible from the micrographs, some of these particulates are irregularly shaped with sharp 
edges, indicating they were ejected from the target in solid form. The presence of these solid 
particulates can be attributed to the pitting which occurs on the target from the laser. As these 
pitting worsens of the course of the deposition time, columnar structures result, some of which 
break and deposit on the substrate. However, as visible from Figure 5-1, another characteristic 
particulate is spherically shaped. These particulates are ejected from the target in liquid form and 
condense on the film surface. These particulates are expelled by laser-induced recoil pressure or 
subsurface superheated layer.10
Although particulate generation is not desirable in microelectronic applications, their 
presence in this study was not of concern. If necessar~~. proper choice of processing parameters 
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may reduce the size or density of particulates, but this will most like affect other aspects of the 
deposition such as deposition rate. 
5.1.3 Raman spectroscopy 
The room temperature Raman spectra were obtained for all Ge films on glass substrates far 
structural analysis. Figure 5-2 displays the Raman spectra for Ge films prepared at Ts 25, 150, 
200, 250, 300, 350, and 400 °C (solid lines), as well as a crystalline Ge (c-Ge) sample (dotted 
line). The Raman intensities are offset for clarity. As illustrated from Figure 5-2, all samples 
contain one si nificant eak located between 260-300 cm"l . Figure 5-3a illustrates this area of g p 
interest and while there is good qualitative agreement between the experimental curves, there are 
some apparent differences. Firstly, those samples prepared below TS=250 °C are characterized by 
a lower intensity, broad peak that is centered near 270 cm"I . This peak corresponds to the 
transverse-optic (TO) mode for amorphous Ge.40 Above Ts 250 °C a peak appears that is 
narrower in distribution and shifted to a higher frequency, near 300 cm-l. This peak corresponds 
to the zone-center mode of crystalline Ge.4° This indicates that crystallization in the films begins 
to occur between 200-250 °C, which is in agreement with annealing and incubation experiments 
where it was observed that crystallization in Ge Elms began to occur near 250 °C_s3 
Furthermore, a plot of the FWHM as a function of deposition temperature, shown in Figure 
5-3b, indicates that the crystallinity of these samples increases with deposition temperature. The 
improved crystallinity can be attributed to increased surface mobility of the absorbed species, 
which allows the absorbed atoms more time to find a lowest energy site in the lattice. As shown 
in Figure 5-3b, the FWHM decreases from 14.9 at 250 °C to 9.7 at 400 °C. This decrease in 
FWHM can be attributed to this improved crystallinity, or stated differently, a decrease in the 
disorder of bond angles and bond lengths. However, this is still much higher than that for the Ge 
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Figure 5-2: Raman spectra for Ge films on glass substrates at deposition temperatures TS of 
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Figure 5-3: Raman spectra of a) the Ge-Ge mode for films at various TS as well as c-Ge 
reference (dashed line) sample. b) The Ge-Ge FWHM as a function of deposition 
temperature TS. 
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This suggests that while the crystallinity has improved, the phase transformation to 
crystalline Ge is not complete. This may be due to kinetic restraints not allowing for complete 
crystallization, as the deposition times were limited to 30 minutes. 
Using the microscope feature on the Raman system, it was possible to limit the excitation 
area to a single defect on the film, as shown in Figure 5-l. The results clearly indicate that while 
the matrix may be amorphous or micro-crystalline, all particulates on the surface are crystalline. 
This is expected as these particulates originate from the crystalline target. 
5.1.4 X-ray diffraction 
Film structure was analyzed using x-ray diffraction (XRD) utilizing a Siemens D500 
diffractometer which employed Cu-Ka radiation and sample rotation. The films were analyzed 
with Bragg-Brentano geometry using a single scan from 26 (8—angle of incidence) of 25 to 65° at 
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Figure 5-4: XRD scans of PLD deposited Ge films at TS 25,150, 200, 300, 350, and 
400 °C, representing a cubic structure with no preferred orientation. 
The XRD scans for all films at various deposition temperatures TS is sho«m in Figure 5-4. 
The peaks can be identified as the (111), (220), (311), (400), and (33l) Bragg peaks for Ge 
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located near 28=27, 45, 53, 66, and 73°, respectively. The broad peak near 20o is due to the 
fused quartz substrate. As evident from Figure 5-4 and in agreement with the Raman results, a 
varying degree of crystallinity over the temperature range exists. Samples prepared at TS<300 °C 
show only a slight signal in the (111.) direction which may be due to the crystalline defects that 
decorate the surface. However, with increasing deposition temperature, a large increase in 
crystallinity is evident for films grown at 
T~300 °C. This is evident with the appearance of higher order (220} and (311) peaks. 
Additionally, the peak positions and relative peak intensities of the samples prepared at 350 and 
400 °C indicate a cubic Ge structure with no preferred orientation. Further analysis of sample 
prepared at 400 °C samples yielded a lattice parameter a=5.651.4 ~,. This is in agreement with 
the literature value for bulk Ge of 5.6576 .~.', indicating a relaxed, or unstrained, lattice 
parameter. 
5.1.5 Four point probe 
Resistivity of the films as a function of deposition temperature TS are shown in Figure 5-5. 
These measurements are in agreement with the xRD and Raman results, displaying a decrease in 
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Figure 5-5: Resistivity of Ge films as a function of deposition temperature with the 
resistivity of a (100)Ge wafer noted by the dashed line. 
The resistivity for a Ge film grown at 25 °C was 300 S2-cm and decreased strongly to 0.05 
SZ-cm, for a film grown at TS=250 °C. This significant change in electrical properties can be 
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attributed to the onset of the amorphous-crystalline phase transition, resulting in a more ordered 
conduction path. The resistivity continues to decrease for the f lm grown at TS=400 °C to a value 
of 0.04 S~-cm. For comparison, the measured resistivity of our target material, a crystalline 
(100)Ge wafer, was 0.001. S2-cm and is indicated by a dashed line. These resistivity values anal 
temperature dependence are similar compare well with results obtained by in similar studies.22s23
5.1.1; UV-VIS spectroscapy 
The absorption spectra far a Ge sample prepared at 300 °C is shown in Figure 5-6. ~ Using the 
E04 approximation, the optical bandgap was estimated at 0.82 eV. These measurements agreed 
well with published va~ues,27 with an absorption edge at 0.82 eV and a 3-4 decade increase in 
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Figure 5-6: Absorption curve for film deposited at 7'S= 300 °C, displaying an absorption 
edge ~0.8 eV. 
5.2 a- Gel -xCx: H films on (100)Si 
With the results from the previous experiment, the object of this experiment was to prepare 
germanium-carbon films. This was achieved using reactive pulsed laser deposition to grow thin 
f ems of hydrogenated amorphous germanium-carbon alloys a- Gel xCx:H with carbon 
concentration 0<x<0.13. The f lms were grown on single crystal silicon (100)Si substrates in a 
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methane (CH4) atmosphere at partial pressures PcH4=0, 1, 5, 10, and 30 mTorr a substrate 
temperature TS 25-400 °C. The films were analyzed structurally with x-ray diffraction (XRD) 
and Raman spectroscopy, and chemically with x-ray photoelectron spectroscopy (XPS). Raman 
data indicated. amorphous structure for all deposition temperatures. However, XRD data 
indicated crystalline Ge phase for all x values with a preferred (111) crystallographic orientation 
that increased with Ts. The amount of carbon Incorporated in the films and the presence of Ge-C 
bonding was confirmed through analysis of the C 1 s core level electron with XPS. Apost-growth 
annealing experiment at 400 °C in an inert atmosphere indicated Ge-C segregation with a 
chemical shift of the C js peak in XPS. All sample details and deposition conditions are 
summarized in Table ~-1 located in the APPENDIX. 
5.2.'1 Rarnan spectroscopy 
The Raman spectra for samples prepared at methane partial pressures PcH4 = 0, 1, 5, 10, 15, 
and 30 mTorr and TS 25 °C are shown in Figure 5-7a. The Raman intensities are offset along the 
vertical axis for clarity. The plot indicates an amorphous structure for all PcH4, which is 
characterized by the presence of the transverse optic (TC~) mode near 270 cm-1 and the absence of 
the crystalline mode at 300 cm-i. This is in agreement with the previous results presented above 
for Ge f 1ms deposited on glass at 25 °C. There is a signif cant difference to be noted from Figure 
5-7a near 200 cm-' . As the methane pressure PcH4 increases, the offset near 200 cm~l from the 
baseline for of each curve increases. This increase In Raman scattering near 220 cm_1 is 
attributed to the longitudinal optic (Lo) mode for amorphous germanium. The presence of this 
mode, and. subsequent increase in intensity with carbon content, indicates an increase in the 
disorder of the Ge-Ge bonding. ~ 5
This increase in disorder is also supported by analysis of the Fw~HM of the To mode. The 
measured FWHM as a function of PcH4 is shown in Figure 5-7b. This increase in structural 
randomness can be attributed to lower impact energies for depositing species due to the presence 
of a background gas and has been observed in a similar study.26 For the sample deposited at 0 
mTorr, the f lm was grown in hard vacuum and therefore the depositing species underwent few 
collisions before condensing on the substrate. In the presence of methane, however, the 
collisional processes for depositing species increased, resulting in Lower impact energies. Lower 
impact energies for depositing species results in a lower surface mobility and ultimately decreases 
3'-~ 
the ability for an atom to find a lowest energy site. This increase in disorder can also be expected 
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Figure 5-7: a) Raman spectra for a-Gee _YC,:H samples prepared at 25 °C with methane 
partial pressures PcHa=O, 1, 5, 10, 15, and 30 mTorr. B) FWHM of the TO mode of a-Ge as 
a function of PcHa• 
No peaks were observed between 1200-1700 cm-'. This indicates that over the entire range 
of methane pressures there was no significant Ge-C segregation.lgsa It should be noted that Ge-C 
segregation with Raman spectroscopy has only been observable with samples that contained over 
40% carbon.24 However, the use of the microscope feature on the Raman system allowed for the 
analysis of surface particulates of the films, as shown in Figure 5-l. Analysis was performed on 
each film at characteristic defect sites. It was observed that 15 and 30 mTorr samples did contain 
surface defects that acted as carbon getters. This was apparent in the Raman spectra which 
indicated the formation of carbon-rich phases. 
Samples were also prepared at 5 mTorr with deposition temperatures TS 25, 150, 200, 250, 
300, 350, and 400 °C with their Raman spectra shown in Figure 5-8a. The Raman spectra for all 
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Figure 5-8: Raman spectra for films prepared at various TS in the presence of 5 mTorr CH4
(sold lines) as well as a sample prepared at 400 °C with 5 mTorr H2 background (dotted 
line). 
These results are in contrast to those observed previously for Ge films on glass, where 
crystalline material was observed at TS<250 °C. This indicates that either the carbon or hydrogen 
from the methane is acting to inhibit crystallization. While it is likely that both C and H have 
some contribution, it is we(1 known that hydrogen acts to passivate dangling bonds, reducing the 
crystal quality of the sample, and in this case, inhibiting crystallization. This is especially likely 
since hydrogen evolution studies on a- Ge~_YCx:H films have shown that hydrogen remained in 
the sample at temperatures of 400 °C 19,2o Further proof of this is was found by preparing a 
sample under identical deposition conditions, at 400 °C, but in the presence of 5 mTorr H2 rather 
than methane. The Raman spectra for this sample is displayed in the top of Figure 5-8a and is 
noted by the dotted line and indicates an amorphous structure. This data suggests that hydrogen, 
not carbon, is responsible for inhibiting crystallization. 
The FWHM of the Ge-Ge TO mode as a function of deposition temperature is shown in 
Figure 5-8b. This figure indicates a decrease in FWHM, or structural randomness, with 
increasing deposition temperature TS. This decrease in structural randomness should be expected 
with increasing deposition temperature while crystallization is still being suppressed due to the 
incorporation of hydrogen. 
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5.2.2 X-ray diffraction (XRD) 
Film structure was analyzed with XRD using a Siemens D500 diffractometer employing 
monochromatic Cu-Ka radiation and sample rotation. A single scan from 28 
(8 —angle of incidence) of 25-55° at a step rate of 0.02°/sec was used, while 28 offset was 
eliminated using the (200)Si peak of the substrate. 
XR.D diffractograms, with identified crystallographic plane indices, for samples prepared at 
25 °C in the presence of various methane partial pressures are shown in 
Figure S-9. The peaks can be identified as the (111), (220), and (311) Bragg peaks for Ge located 
near 28=27, 45, and 530, respectively. A scan of the (100}Si substrate verified its contribution of 
the strong (200) peak near 320. Bragg peak positions indicate a cubic crystalline Ge phase while 
relative peak positions indicate no preferred orientation for all PcH4• Lattice parameter 
calculations yielded an average to have an average ao=5.6469 ~►., with no carbon related 
dependence. This in contrast to the Raman data observed for these samples, which indicated an 
amorphous structure. This discrepancy can be explained by taking into account the crystalline 
particulates that decorate the surface, as shown in Figure 5-1. These particulates, although not of 
concern, are likely mask smaller signals that might be originating from the bulk of the film. 
These particulates cannot be eliminated from the XRD experiments because the entire f lm 
surface is irradiated by the x-ray beam. The same results were observed for the f lms at prepared 
at elevated depositions temperatures ~'~200 °C with the surface particulates acting as nucleation 
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Figure 5-9: XRD spectra for samples prepared at PcHa = 0, 1, 5, 10, 15, and 30 mTorr and 
25 °C. The strong peak near 32 ° is due to the (100)Si substrate. 
5.2.3 X-ray photoelectron spectroscopy 
The films were analyzed chemically using XPS to determine C concentrations and bonding 
configuration. Spectra were obtained before and after Ar+ ion etch as shown in Figure 5-10. The 
peak near 286 eV of the sample before etch is due to the thin layer of adventitious carbon that 
was absorbed onto the samples. Because the signal utilized by XPS originates very near the 
surface, this absorbed layer must be removed. Although Ar+ sputter cleaning can alter film 
stoichiometry due to different sputtering yields, this has been shown to be negligible in the Gee _ 
xCx system.18 As illustrated in the figure, the lineshape and position of the C is remained 
relatively unchanged over the course of the Ar etch, indicating the surface chemistry and 









280 282 284 286 288 290 292 
finding Energy (eV) 
Figure 5-10: C is core level for films as prepared and after various etch times. 
As previously stated, the presence of Ge-C bonding was verified by analyzing the Cis 
binding energy for each sample. A Cis peak at 284.5 eV is indicative of graphite and a peak at 
283 eV signifies Ge-C bonding.48 Carbon content of the films x is shown as a function of 
methane pressure PcHa in Figure 5-11a. This plot illustrates that the carbon content x varies 
linearly for all PcH4• The line shape and position of the Cis bands typical of the samples can be 
seen in Figure 5-1 lb. There are several contributions to the Cis band, which include C bonded to 
up to 4 atoms comprising any mixture of C-C, Ge-C, and C-H bonds. In order of increasing 
binding energy, the first contribution near 283 eV corresponds Ge-C bonding. This peak 
increases with methane pressure, indicating an Increase in carbon content incorporated into the 
film. However, as methane pressure increases to PcF14 > 10 mTorr, a shoulder appears near 284 
eV which indicative of the formation of a C-C bonding and the formation of a C-rich phase due 
to phase separation. At 30 mTorr, the peak retrains asymmetric indicating that more carbon is 
being incorporated into C-rich phases. However, if the asymmetric peak at 30 mTorr is modelled 
by overlapping Gaussian contributions. the results indicate that ~60% of the carbon, or ~7 at.%, 
remains in the Ge lattice. Lastly, as apparent in the 30 mTorr sample, another contribution near 
285 eV can be associated with C-Hr~ bonds. These peak locations and assignments have been 
reported in the literature4S and are consistent with the increase in the electronegativity of the 
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Figure 5-11 (a) Carbon concentration r as a function of methane pressure Pctia• (b) Cis 
band for samples prepared at Pc~~a=0, 1, 5, 10, and 30 mTorr with vertical line representing 
Ge-C binding energy near 283 eV. 
5.2.4 Transmission electron microscopy (TEM) 
Micrographs were obtained for a sample prepared at 300 °C and in a methane atmosphere of 
5 mTorr. Images obtained were at magnifications of SOa00x (Figure 5-12) and 100000x (Figure 
5-13). From the micrographs, crystallites are visible and vary in size from about 10-100 nm. 
These observations are in contrast with Raman data which indicated an amorphous structure for 
all carbon containing samples, regardless of deposition temperature. The author is unsure of the 
reason for this discrepancy. However, it should be noted that amorphous Ge, and Si, have been 
shown to consist of 
=~ 0 
Figure 5-12: TEM micrograph obtained at SOOOOx of a-Gel XCY film prepared at TS of 300 
°C and PcHa of 5 mTorr. 
Figure 5-13: TEM micrograph obtained at SOOOOx of a-Ge~_rCx film prepared at TS of 300 
°C and Pcxa of 5 mTorr. 
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random networks of tetrahedrally bonded atoms having clusters with short ordering with sizes up 
to 1 nm. Additionally, amorphous Ge has also been suggested to consist of embedded 
microcrystallites of 1-3 nm is size.ss,s6 
5.2.5 annealed sample 
The stability of the germanium-carbon phase was analyzed with an annealing experiment of 
a sample prepared at PcH4 = 30 mTorr. The sample was annealed in a nitrogen atmosphere at 
400 (~ 5) °C for one hour. After annealing, the sample was examined with XPS which illustrated 
a noticeable change was in the sample after the annealing process. The CAS band for the annealed 
sample can be seen in Figure 5-14 where the Cis band of the as prepared and annealed 30 mTorr 
sample is shown. A noticeable change in chemical state is observed, with a chemical shift from 
283 eV to near 284 eV. This chemical shift can be attributed to C clustering in amorphous or 
graphitic form. This increase in binding energy can be attributed to the increased electronegativity 
of C compared to Ge. It should be noted that XPS data did not reveal the presence of oxygen and 
the change in x following annealing was minimal (<0.5%), indicating that oxidation of. the film 
during annealing was negligible. 
~~~ 30 mTorr annealed 
30 mTorr as prepared 
280 282 284 286 288 
Binding Energy (eV) 
Figure 5-14 High resolution XPS scan of the Cis core level for the ̀ as prepared' and 
`annealed' (400 °C for 1 h) 30 mTorr (x=13%) sample. The line at 283 eV denotes the Ge-C 
binding energy. 
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CHAPTER 6: C®NCLUSIONS 
Despite a significant amount of research that has been conducted in Group IV alloys, the use 
of PLD as a deposition technique for germanium-carbon f lms has been largely unexplored. This 
thesis focused on the preparation and characterization of germanium and germanium-carbon 
films. 
The results from the structural and electrical measurements Indicate that 245-420 nm Ge 
thin films with a varying degree of crystallinity can be grown using PLD at deposition 
temperatures of 25-400 °C at deposition rates of 1.2-1.4 ~/s. Micrographs obtained from an SEM 
showed f lm surfaces that were composed of 1-5 µm particulates connected by a smooth 
featureless matrix. Raman spectroscopy, XRD, and conductivity measurements all showed a 
significant increase in crystallinity for samples deposited at T.~200 °C. This was illustrated by 
Raman spectroscopy with a decrease in the FWHM of the Ge-Ge TO mode as well as the 
appearance of the zone center mode for crystalline Ge. Also, the Raman FWHM decreased 
drastically from 50 cm-1 for the amorphous films to near 5 cm"~ for the most crystalline f.ilm. 
Additionally, the particulates on the film surface were found to be crystalline. XRD spectra 
indicated a cubic crystalline phase with no preferred orientation. Increased crystallinity was 
illustrated in XRD spectra with the appearance of higher order Bragg peaks, while strongly 
enhanced electrical properties were also observed with a significant decrease in the resistivity for 
samples prepared above 200 °C. 
In addition to Ge films, germanium-carbon films were successfully prepared using reactive 
pulsed laser deposition. The films were prepared with a crystalline Ge target in methane 
atmosphere with various pressures PCH4 and deposition temperatures TS. Raman spectra showed 
an amorphous structure for ali carbon-containing samples, regardless of carbon content or 
deposition temperature. It was surprising that even at 400 °C, Raman spectra sill indicated an 
amorphous structure. It was suggested that the hydrogen incorporated in the film passivates 
dangling bonds which, not only degrades crystal quality, but also inhibits crystallization. XRD 
indicated a single crystalline Ge phase, however this was attributed to the crystalline Ge 
particulates on the surface of the f lms. XPS results showed carbon concentrations up to 13 %for 
Elms grown using PLD at 25 °C. However, not all of this carbon was shown to be bonded to Ge. 
XPS data indicated that most of the carbon entered the network in substitutional/interstitial sites 
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for x<4 %, while at higher x the formation of a C-rich phase occurs. An important observation 
from the Raman and XPS data indicates that although Raman spectroscopy may be a useful tool 
for identifying the presence of carbon-rich phases, it cannot be considered reliable for carbon 
contents x<13%. TEM results conflict with Raman spectroscopy, showing 10-100 nm 
microcrystallites in acarbon-containing sample. One possible explanation for this is the methane 
molecules in the chamber act as nucleation centers for the depositing Ge atoms. These 
nanoclusters then condense on the substrate and hydrogen present inhibits further crystallization. 
Annealing in an inert atmosphere of the sample prepared at 30 mTorr, resulted in a change in 
the microstructure as verified by XPS. This was evident with a chemical shift of the Cis peak to a 
higher binding energy, indicating that phase separation in germanium-carbon films occurs at 400 
°C, and likely lower temperatures as well. 
In light of the evidence presented above, the deposition of germanium-carbon films can be 
can be summarized as follows: Energetic Ge species are ablated from the target by the pulsed 
laser. Simultaneously, energetic C and C-Hn species are created. These species travel toward the 
substrate, interacting both chemically and physically. The species condense, and at low 
deposition temperatures Ts<150 °C, the surface mobility is sufficiently low to inhibit phase 
separation, resulting in a-Gel XCx:H films. The carbon is randomly incorporated and tetrahedrally 
bonded to Ge and H, but the film lacks long range order due to H passivation. As the deposition 
temperature increases, the surface mobility increases, yet crystallization is still inhibited due to 
the dangling Ge bonds being passivated by H from the methane containing atmosphere. The 
formation of carbon-rich phases occurs at low carbon contents x>4%, and high deposition 
temperatures T,S>400 °C. This carbon-rich phase is likely apolymeric-type amorphous carbon 
due to the large amount of hydrogen present. 
This study illustrated that laser ablation can be used for the deposition of stable films through 
vaporization of the target material. Similarly, laser ablation can also be used for the deposition of 
metastable al-Toys as films through the vaporization of a target material in the presence of a 
reactive background gas. 
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FUTURE WORK 
There are a couple experiments that may be pursued to further understand the current results 
or to improve the current deposition method. From a film characterization standpoint, additional 
TEM analysis would be very benef cial to understand qualitatively what the microstructure looks 
like with under various deposition conditions. In addition to the TEM analysis, high resolution 
bonding information from electron energy loss spectroscopy (EELS) would also be benef cial. 
Also, reliable xRD analysis would be desired and therefore the elimination of the surface 
particulates should be considered. 
From an experimental standpoint, the use of a solid state carbon source may be benef cial. 
This could be done by preparing the desired alloy in powder form and pressing into a target. This 
would be beneficial in couple ways, firstly, it would eliminate the hydrogen in the chamber which 
has been shown to degrade crystallinity and inhibit crystallization. Secondly, it would allow for 
depositions to be done under hard vacuum, with no atmosphere present. This would allow for 
increased surface mobility without the need to increase deposition temperature. Another 
possibility would be to use a less saturated background gas in conjunction with a hydrogen getter, 
such phospine. The phosphorous in phosphene has been used successfully in similar systems and 
might allow for increased. incorporation carbon while simultaneously improving crystallinity due 
to decreased H content. 
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APPENDIX 
Table 6-l: List of samples prepared noted by sample number and detailed deposition 
conditions 
Energy Rep. Rate Dep Temp. Pressure Time 
Number Substrate (mJ) ~Hz~ (°C~ Gas (mTorr} (min) 
050902 Quartz 100 10 25 none 0 60 
051002 Quartz 100 10 150 none 0 30 
051402 Quartz 100 10 325 none 0 30 
051502 Quartz 100 10 320 none 0 30 
072902 Quartz 100 10 237 none 0 30 
102002 (110}Si 100 10 25 Wane 0 30 
102402 (110}Si 100 10 25 GH4 1 30 
102502 (110)Si 100 10 25 CH4 5 30 
102802 { 110)Si 100 10 25 CH4 10 30 
021203 { 110)Si 100 10 25 none 0 30 
022003 (110)Si 100 10 25 CH4 30 30 
013004 Quartz 100 10 25 none 0 30 
013104 Quartz 100 10 150 none 0 30 
020104 Quartz 100 10 200 none 0 30 
020204 Quartz 100 10 250 none 0 30 
0203041 Quartz 100 10 300 none 0 30 
0203042 Quartz 100 10 350 Wane 0 30 
0204041 Quartz 100 10 400 none 0 30 
0204042 Quartz 100 10 300 GH4 5 ~ 30 
0207042 TEM 100 1-0 25 CH4 5 15 
0212041 (110)Si 100 10 25 none 0 30 
0212042 (110)Si 100 10 25 CH4 1 30 
0212043 (110)Si 100 10 25 CH4 5 34 
0213041 (110)Si 100 10 25 CH4 10 32 
0213042 {110}Si 100 10 25 GH4 15 30 
0215041 (110)Si 100 10 25 CH4 30 30 
0217041 Quartz 100 10 300 CH4 5 30 
0218041 (110)Si 100 10 25 ~ CH4 1 30 
0220041 (110)Si 100 10 25 CH4 5 30 
0414041 (110}Si 100 10 200 CH4 5 30 
0415041 (110)Si 100 10 250 CH4 5 30 
0416041 (110)Si 100 10 300 CH4 5 30 
0418041 (110)Si 100 10 350 CH4 5 30 
0420041 (110}Si 100 10 400 CH4 5 30 
0422041 (110)Si 100 10 150 CH4 5 30 
0423041 (110)Si 100 10 300 H2 5 30 
0424041 TEM 100 10 300 CH4 5 9 
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